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Abstract
We present the first measurements of charge-dependent directed flow in Cu+Au collisions at √sNN = 200 GeV. The
directed flow has been measured as functions of the transverse momentum and pseudorapidity with the STAR detector.
The results show a small but finite difference between positively and negatively charged particles. The difference is
qualitatively explained by the patron-hadron-string-dynamics (PHSD) model including the effect of the electric field,
but much smaller than the model calculation, which indicates only a small fraction of all final quarks are created within
the lifetime of the initial electric field. Higher-order azimuthal anisotropic flow is also presented up to the fourth-order
for unidentified charged particles and up to the third-order for identified charged particles (pi, K, and p). For unidentified
particles, the results are reasonably described by the event-by-event viscous hydrodynamic model with η/s=0.08-0.16.
The trends observed for identified particles in Cu+Au collisions are similar to those observed in symmetric (Au+Au)
collisions.
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1. Introduction
At the early stage of a non-central heavy-ion collision, a strong magnetic field perpendicular to the
reaction plane is created. In asymmetric Cu+Au collisions, due to the difference in the number of spectators,
not only the magnetic field but also a strong electric field would exist pointing along the reaction plane from
the Au-nucleus to Cu-nucleus. The lifetime of the electric field might be short, of the order of a fraction
of a fm/c. The quarks and antiquarks that have been already produced at this time would experience the
Coulomb force, which results in a charge dependence of particle directed flow [1, 2]. Thus, the measurement
of the charge-dependent directed flow in Cu+Au collisions provides an opportunity to test different quark
(charge) production scenarios, e.g. two-wave quark production [3, 4], and shed light on the (anti-)quark
production mechanism in heavy-ion collisions. Understanding the time evolution of the quark densities in
heavy-ion collisions is also very important for detailed theoretical predictions of the Chiral Magnetic Effect
and Chiral Magnetic Wave, for which various experiments are actively searching. In these proceedings, the
charge-dependent directed flow in Cu+Au collisions at √sNN= 200 GeV measured with the STAR detector
is presented. Results of higher-order flow are also presented.
1A list of members of the STAR Collaboration and acknowledgements can be found at the end of this issue.
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2. Analysis method
Azimuthal anisotropies were measured with the event plane method defined below:
vn = 〈cos n(φ − Ψn)〉/Res{Ψn}, (1)
where φ is azimuthal angle of particles and 〈〉 means average over all particles in the events of the same
centrality bins. The Ψn denotes nth-order event plane. The first-order event plane was reconstructed with the
Zero Degree Calorimeter (ZDC). The ZDC measures spectator neutrons and thus would minimize non-flow
effects such as those from the momentum conservation. For higher harmonics measurements, the event
planes were reconstructed from charged tracks (0.15<pT<2 GeV/c) reconstructed in the Time Projection
Chamber (TPC) and the Endcap Electro-Magnetic Calorimeter (EEMC). In case of using the TPC, charged
tracks were divided into two subevents (-1<η<-0.4 and 0.4<η<1) and vn of charged particles of interest was
measured with an η-gap of 0.4 using the event plane method (e.g. particles of interest are taken from 0<η<1
when using the subevent from the backward angle). The results from both subevents are consistent and the
average of two measurements was used as final results. The event plane resolution Res{Ψn} was estimated
by three subevents method [5]. Systematic uncertainties were estimated by varying event z-vertex and track
quality cuts. The effect of the event plane determination was also taken into account in the systematic
uncertainty. For higher-order vn, the scalar product method [6] was also tested just as a cross-check.
3. Results
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Fig. 1. veven1 of positive and negative particles as a function of pT in four centrality bins and the difference between both charges, ∆v1.
The PHSD model calculations with and without the initial electric field (EF) [2] are compared. The model calculation of ∆v1 with the
EF is scaled by 0.1. See the text for the definition of positive direction of v1 (Ψ1). This plot has been updated since the presentation2.
Figure 1 shows v1 of positive (h+) and negative (h−) charged particles as a function of pT in four cen-
trality bins2, where v1 is measured with respect to the spectator plane in Au-going side and the sign of the
ΨAu1 is defined to be positive. In asymmetric collisions, the magnitude of v1 is no longer symmetric over the
pseudorapidity unlike symmetric collisions, therefore the even component of v1 is measured in this analysis.
The v1 at pT<1 GeV/c has negative value and positive at the higher pT , which means more low (high) pT
2Note that the figures in these proceedings have been updated since the presentation to account for a software issue in the calculation
of the event plane resolution. The final results on v1 are quantitatively close to those presented at the conference and had no impact on
the physics conclusions. The v2 and v3 in peripheral collisions become larger after this correction.
/ Nuclear Physics A 00 (2018) 1–4 3
particles are emitted to the direction of Cu (Au) spectator. Bottom panels of Fig. 1 show the difference
between both charges, ∆v1 = vh
+
1 − vh
−
1 . In 20-40% centrality, the ∆v1 seems to be negative in pT<2 GeV/c,
which is qualitatively consistent with the expectation from the initial electric field (EF), i.e. more posi-
tively charged particles would move to the direction of the EF and negatively charged particles move to the
opposite side.
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Fig. 2. v1 of positive and negative particles and ∆v1 as a
function of η in 10-40% centrality. This plot has been up-
dated since the presentation2.
The parton-hadron-string-dynamics (PHSD) model
calculations with and without the effect of the EF [2]
are compared to the data, where the ∆v1 for the cal-
culation including the effect of the EF is scaled by 0.1.
The model assumes that all electric charges are affected
by the EF, resulting in a large separation of v1 between
positive and negative charges as shown in the upper left
panel of Fig. 1. The ∆v1 is smaller than the model pre-
diction, which indicates that the electric charges exist-
ing within the life time of the EF (∼0.25 fm/c) are much
smaller than that of all quarks created in the collisions.
Figure 2 shows v1 and ∆v1 as a function of η
in 10-40% centrality2, where pT is integrated over
1<pT<2 GeV and the sign of ΨAu1 is defined to be neg-
ative (opposite to Fig. 1). The v1 charge separation is
clearly seen in |η|<1 and ∆v1 increases with η, although
the magnitude of v1 also changes with η.
Figure 3 shows v2, v3, and v4 of positive charged
particles as a function of pT using the event plane
method and scalar product method. Both methods are
in a good agreement. Calculations from an event-by-
event viscous hydrodynamic model [7] are compared
to the data of v2 and v3. The model results using η/s=0.08 and η/s=0.16 qualitatively agree with the data
in 0-5% and 20-30% centrality bins. The centrality dependence of vn are similar to the results in Au+Au
collisions [8, 9, 10]. There was no significant difference between positive and negative charged particles for
higher-order flows.
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Fig. 3. v2, v3, and v4 as a function of pT in 0-5%, 20-30%, and 40-50%
centrality bins measured with the event plane method and the scalar prod-
uct method. Calculations from the event-by-event viscous hydrodynamic
model [7] are compared. This plot has been updated since the presenta-
tion2.
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Identified particle vn are also measured combining the TPC dE/dx and the time-of-flight information
from Time-Of-Flight detector. The v1 of charge-combined pi±, K±, and p + p¯ are presented in Fig. 4 and the
v2 and v3 of pi+(pi−), K+(K−), and p( p¯) for different centrality bins are presented in Fig. 3. The same trends
observed in symmetric collisions, such as the mass ordering at low pT (<2 GeV/c) and the baryon-meson
splitting at intermediate pT , are observed.
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Fig. 5. v2 and v3 of pi, K, and p( p¯) as a function of pT for different centrality bins. This plot has been updated since the presentation2.
4. Conclusions
Charge-dependent anisotropic flow in Cu+Au collisions at √sNN= 200 GeV has been measured with the
STAR detector. Charge difference of v1 is clearly observed, which is consistent with the effect of the initial
electric field. The magnitude of ∆v1 is much smaller than the PHSD model predictions, likely indicating that
only a small fraction of all final state quarks are created at the time when the electric field is strong. These
results could shed light on the time evolution of quark production in heavy-ion collisions. Higher-order flow
vn have been also presented; they exhibit similar trends observed in symmetric collisions.
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